Introduction
In recent years, the applicability of low-temperature bonding in industrial processes has been explored in an effort to miniaturize electronic equipment. However, lowtemperature bonding has been difficult to achieve because of the presence of oxide films at the joint boundaries, which inhibits the proper bonding of electrode materials such as Cu and Sn. Although these oxide films can be removed effectively via ultrasonic welding, [1] [2] [3] [4] [5] [6] surface activated bonding, [7] [8] [9] [10] [11] [12] and the metal salt generation bonding method, [13] it is still difficult to fill the gaps between the bonding surfaces using plastic deformation alone during the low-temperature bonding process.
The liquid-phase diffusion bonding method using a filler metal has been used for large materials with the purpose of filling the gap between the bonding surfaces and increasing the bond strength. [14] [15] [16] [17] [18] [19] [20] However, there have been few reports on the application of the method to electronic packaging. The intention of this study was the application of the liquid phase diffusion bonding method to minute junctions such as electrodes. Liquid phase diffusion bonding has the advantage that the bonding temperature can be decreased, and the melting point of the joint increases after solidification, creating a joint that is harder to melt. This occurs because the filler metal diffuses into the base metal and causes isothermal solidification of the base metal. In addition, attention is necessary to melt at the eutectic temperature or higher again when the bonding process is finished without completing the isothermal solidification. In addition, the low bonding temperature also enables the creation of a high-strength joint without causing the growth of an intermetallic compound layer. To achieve low-temperature bonding, In is used as the filler metal for the joint because when In is mixed with other metals, various kinds of reactions occur. For example, the eutectic reaction occurs and lowers the melting point of the materials, which becomes 427 K when it is mixed with Cu and 393 K when it is mixed with Sn. After liquid phase 
Experimental Details
The Sn specimen used in this study was a 15 mm × 15 mm × 5 mm block with 99.9% purity. As shown in Fig. 1 , this block was joined to a Cu block (15 mm × 15 mm × 10 mm) to make it easy to perform tensile tests. To remove the smear metal and the work straining layer, the bonding surface of the Sn was first polished with emery paper followed by electrolytic polishing using a solution composed of 5 vol% perchloric acid, 10 vol% ethyl glycol monobutyl ether, and 85 vol% ethyl alcohol. The surface roughness Ra of the bonding surface was 0.33 µm, and the In was deposited onto the bonding surface as a filler metal to a surface thickness of 300-700 nm using a vacuum deposition apparatus (JEOL JEE-4X, Japan). The Cu specimen used in this study was a 15 mm × 15 mm × 10 mm block with 99.9% purity. To match the roughness of the commonly available Cu electrode pad (0.07 µm), the bonding surface of the Cu was polished with emery paper (#4000).
The liquid phase diffusion bonding was carried out in a vacuum chamber at temperatures ranging from 413 to 463 K (higher than the eutectic temperature of the Sn-In alloy used in this study), and the heating rate was fixed at 0.35 K/s. The bonding pressure and bonding time were fixed at 7 MPa and 1.8 ks, respectively, during the bonding process, so that the degree of deformation obtained is approximately 50%. The bonding pressure was removed as soon as the bonding process was completed.
After the liquid-phase diffusion bonding process, the specimen was separated into three different pieces to be used for the tensile test and the metallographic observation of the bonded interface. The specimen used for the tensile test had a cross-sectional area of 3 mm × 3 mm, and the tensile test was carried out in the vertical direction of the bonded interface. The tensile test was performed at room temperature using a displacement speed of 0.017 mm/s. In addition, the slow displacement speed was chosen to examine whether a fracture occurred with the breaking extension.
Optimization of In filler metal thickness
To examine the effect of the In filler metal thickness on the tensile strength of a joint, tensile tests were performed after liquid phase diffusion bonding was carried out using various filler thicknesses ranging from 0.3 µm to 0.7 µm.
The temperature during the bonding process was fixed at 443 K. The relationship between the filler metal thickness and tensile strength is shown in Fig. 2 , while Fig. 3 shows SEM images of the fracture surfaces and the result of the EDX analysis.
In Fig. 2 , it is observed that the tensile strengths of all the specimens reached the tensile strength of Sn (approximately 12 MPa) regardless of the filler metal thickness used. Among all the filler metal thicknesses used, the specimen that had 0.5 µm of In deposited showed the largest breaking extension and broke at the Sn base metal, away from the joint interface. However, when the filler metal thickness was 0.3 µm, the specimen broke at the bond interface; in addition, when the filler thickness was Fig. 1 Illustration of specimens used in this study. than Cu and Sn, it is easily inferred that a strong junction was not provided. Hence, it is believed that the most suitable filler thickness used in this study was 0.5 µm. Figure 4 shows the relationship between the temperature and the tensile strength of a joint. The chart in Fig. 4 shows the temperature (K), joint efficiency (%), and degree of deformation (D (%)), as represented by the horizontal axis and two vertical axes in the figure. The joint efficiency was derived by taking the ratio of the tensile strength to the strength of the Sn base metal. Hence, for a joint that broke in the Sn, the joint efficiency was 100%.
Effect of In filler metal on tensile strength
The degree of deformation (D (%)) can be calculated using the following equation, D (%) = (1 -height of Sn block after bonding / height of Sn block before bonding) × 100.
Here, the height of the Sn block is in the direction where the bonding pressure is applied and includes the thickness of the filler metal deposited on its surface. In addition, analysis results for specimens without In deposition are also shown in Fig. 4 to illustrate the effect of the filler metal. In Fig. 4 , it is observed that the tensile strength increases with an increase in the bonding temperature with or without the use of filler metal. However, although the tensile strength increases with an increase in the bonding temperature, even without using filler metal, the tensile strength of a joint with filler metal is able to match the base-metal strength at a temperature at least 30 K lower than a joint without filler metal. An example of this can be illustrated by the temperature needed to achieve a bond that breaks at the Sn base metal. Without using filler metal, the temperature required to obtain such a joint is 473 K. However, when filler metal is used, the temperature required is 30 K lower, 443 K. Therefore, it is believed that a high-strength joint can be achieved at a lower temperature and with less deformation when filler metal is used. Figure 7 shows SEM images of a joint interface. As shown in Fig. 7(a) ous study, when Bi filler was applied at the bond interface of Sn/Sn, it was observed that the native oxide films of Sn were cohered to reduce the surface area of the liquid phase formed by a eutectic reaction of Bi and Sn. [23] Therefore, in this study, it is supposed that aggregated In 2 O 3 oxide particles did not influence the tensile strength of the joint.
Obser vation of bonded interface

Conclusions
The following conclusions were drawn from this study:
(1) When In filler is used, it decreases the bonding temperature by at least 30 K, while simultaneously producing a bonding strength comparable to the strength of the base metal, Sn.
(2) The use of In filler reduces the amount of plastic deformation needed to increase the contact surface area between the bonding surfaces, and greatly contributes to securing a tight contact surface in the early stage of the bonding process.
(3) When In filler is not used, a higher temperature is needed to achieve a tensile strength comparable to that of base metal Sn because a larger plastic deformation is needed to achieve close contact between the bonding surfaces. However, the higher bonding temperature also causes the growth of a brittle intermetallic compound between the bonding surfaces, which lowers the tensile strength of the joint.
